In this study, a thermoeconomic assessment of an integrated ethanol production from sugarcane bagasse and traditional sugarcane juice is developed and discussed. An integrated distillery, which works with first and second generation ethanol production routes, is modeled and simulated. The thermoeconomic model assumes that the only agricultural input to the processes is the sugarcane itself (straw or other wastes recovered from the field were not considered in the analysis). The analyses are carried out for three operating scenarios: scenario I describes a traditional distillery or a first generation distillery; scenario II takes into account an integrated distillery operating with current acid hydrolysis technology; scenario III describes an improved distillery which operates with future technology for hydrolysis and pentose fermentation. Exergy analysis, production cost analysis and economic viability assessment are carried out for each scenario. As a result, it can be concluded that the global exergy efficiency decreases with the bagasse hydrolysis for scenario II. This situation is reversed when pentose fermentation is considered in scenario III. The economic viability assessment shows that hydrolysis is not viable in the present Brazilian economic scenario because it causes a drop of 4.0% in the internal rate of return (IRR) for scenario II and 2.3% for scenario III, when compared to scenario I.
Introduction
Brazil is the second largest ethanol producer in the world, the largest exporter, the international leader in terms of biofuels and the first economy that has reached a sustainable use of it. Brazil and the United States lead the ethanol production worldwide. In 2006, they accounted for 89% of the global output and nearly 90% of ethanol as fuel [1] .
In 2011, Brazil produced nearly 21 billion liters of ethanol [2] . Brazilian ethanol industry has 90 years of history and sugarcane is the main agricultural raw material. Going further, regulation enacted by the Federal Government states that all gasoline sold in the country must be blended with 25% ethanol, and since July 2009, more than 8 million vehicles can run on 100% ethanol or any combination of ethanol and gasoline. These cars are popularly called "flex".
Currently, ethanol production in Brazil is based on first generation technologies, i.e., it uses only sucrose, which represents one third of energy stored in sugarcane [3] . The bagasse is used primarily as an energy source for steam generation in boilers. However, it is possible to transform cellulose present inside the bagasse to sucrose through a hydrolysis reaction, which is known as second generation technology.
Second generation biofuels are produced from lignocellulosic materials such as cereal straw, forest residues, bagasse, and purpose-grown energy crops such as vegetative grasses and short rotation forests. This technology could avoid many of the concerns that first generation biofuels face and potentially offers greater cost reduction in the long term.
In the sugarcane industry, another advantage for the use of lignocellulosic material as feedstock for bioethanol production is clear: since it is already available in plant site (for bagasse), or close to it (trash), second generation bioethanol production may share part of the infrastructure where first generation ethanol production takes place, for instance, concentration, fermentation, distillation, storage and cogeneration facilities [4] .
An important factor in the current Brazilian ethanol program is the production of large amounts of electricity by burning the excess bagasse. In the early days of the program, bagasse was burnt inefficiently to produce heat and work required for the industrial process (crushing, fermentation and distillation), and a good portion of it was then wasted. Nowadays high-pressure boilers can operate around 100 bar (in contrast with 20 bar in the past). As a result, a portion of the energy can be supplied to the local electricity grid.
Objectives
In this study, a thermoeconomic model that evaluates the integrated ethanol production from sugarcane bagasse and traditional sugarcane juice is developed. The model is applied to a hybrid distillery, which works with both first and second generation juices. The model assumes that the only agricultural feedstock to processes is the sugarcane itself, i.e. straw or other waste recovered from the field were not considered in the analysis and the surplus electricity will be sold to the public grid. The analysis will be carried out considering three complementary approaches; (i) The exergy analysis evaluates exergy use of the inputs until the final products and then identifies the main sources of irreversibilities in a given production route; (ii) The cost analysis that aims to obtain the production cost of ethanol and electricity; (iii) The economic viability assessment intends to assess the viability in terms of return on investment.
Three different scenarios were defined. Scenario I depicts a traditional distillery or a first generation distillery, scenario II represents a hybrid distillery that operates with current technology for hydrolysis (base case), and scenario III takes into account an improved distillery which operates with future technology for hydrolysis and pentose fermentation. Exergy analysis, production cost analysis and economic viability assessment will be carried out for each scenario.
Methods 3.1 Exergy and Thermoeconomic Analysis
Assuming all processes in steady state and neglecting variations in kinetic and potential energies, the mass, energy, exergy and cost balances for each control volume and every production route, take respectively, the form of Eqs. (1) - (4):
Where ̇ ( ) represents mass flow rate entering (exiting) the control volume (kg/s), ̇ heat transfer rate (kW), ̇ shaft power (kW), specific enthalpy (kJ/kg), specific exergy (kJ/kg), ambient temperature (K), ̇ irreversibility rate (kW), c specific monetary exergy cost (R$/kJ) and ̇ the depreciation rate of equipment (R$/s) which is calculated by Eqs. (5) and (6):
where is the acquisition cost of the equipment (R$), capital recovery factor, fixed cost associated with the equipment operation (9%), variable cost of the equipment (1%), FC the load factor (0.75), j interest rate (12 %), expected yearly operation time (5,000 hours) and N equipment lifetime (20 years). The set of equations was solved simultaneously using EES ® software [5].
Development of the Model
The thermodynamic model used in this study is based on performance prediction models of three plants available in the literature. The first one is a utilities plant with subcritical Rankine cycle [6] , the second one is a distillery plant [7] , and the third one is a hydrolysis plant [8] . Each one of them will be explored separately and the complete model to be solved in this study arises from the assembly of these three sub-models. The implementation of the model corresponds to mass, energy, exergy, and monetary exergy cost balances for each control volume, as stated before.
Distillery
Ethanol is produced by fermentation of the sugarcane juice as well as the juice obtained from the bagasse hydrolysis. Thus, the modelled distillery can be considered a hybrid one, i.e., a combination of first and second generation production routes, as shown in Fig. 1 and described in detail by [9] . The following processes were modelled thermodynamically: (i) washing, (ii) extraction, (iii) juice treatment, (iv) evaporation (v) fermentation, (vi) distillation and rectification, and (vii) cooling. Table 1 shows data related to these processes. 
Utilities Plant
In Brazil, backpressure systems normally operate at 21 bar and 300°C. Steam is expanded in single-stage turbines (turbo pumps and mills) and / or multistage (turbo) until the process pressure, around 2.5 bar [6] is reached.
By increasing steam temperature and pressure in the boiler, the surplus electricity generated can be sold to the grid in greater amounts. Furthermore, the use of extractioncondensing turbines makes it possible to generate and sell electricity in the period between harvests. 
BIOMASS
New plants and units, seeking to improve their energy balances, opt to use boilers with pressures up to 100 bar in order to facilitate the sale of surplus electricity. The use of higher pressures is limited to 180 bar due to equipment cost and to economic and financial issues related to the sale of surplus electricity. The efficiency of these new boilers is 85-87% (based on Lower Heating Value, LHV), and it can be raised to 89-90% in case of burning dry bagasse [6] .
The utilities plant modelled in this study, differently from the standard Brazilian backpressure system, operates on a Rankine cycle with a condensing-extraction turbine. The extraction is done twice: steam at 13 bar is required to provide heat to the hydrolysis plant, and steam at 2.5 bar is used for the remainder heat demands, e.g. distillation, evaporation and heating, as shown in Fig. 2 . No pressure drop in the piping and heat exchangers was considered for the simulation. The main parameters used to model the utilities plant are presented in Table 2 . Figure 2 . Utilities plant.
Hydrolysis Plant
The hydrolysis plant operates on the process DHR (Dedini Rapid Hydrolysis), which combines the organosolv pre-treatment of bagasse with the dilute acid rapid hydrolysis [10] .
The pre-treatment process and the hydrolysis of cellulose and hemicellulose occurs simultaneously in a counter current reactor fed with bagasse from the top and with a mixture of ethanol (75% weight/weight) and diluted sulphuric acid (0.25 -0.5% weight/weight), under pressure of 25-28 bar and temperature of 180 -200°C [11] . The fluxes meet in the middle part of the reactor, where cooking takes place between the lignocellulosic biomass and the ethanol-water mixture responsible for promoting delignification and the hydrolysis reaction. The weight ratio bagasse, ethanol-water mixture, sulphuric acid at 98%, is 100:600:0.1 [11] . The time that the mixture remains in the reactor varies from a few seconds to a few minutes. The residual biomass, composed primarily of lignin, is recovered and burnt in the boiler.
Upon leaving the reactor, the slightly acid solution with high sugar content is immediately cooled as a result of the expansion in the valve, which is modelled as isenthalpic, thereby preventing degradation of formed sugars. The cold liquor is routed to a distillation column where ethanol is recovered at the top of the column and returned to the process. The aqueous solution containing sugar is removed from the bottom of the reactor. Fig. 3 shows the hydrolysis synthesis plant.
Steam consumption in the distillation column is determined by applying the first principle of thermodynamics Eq. (2) in the distillation control volume. Due to the small amount of sulfuric acid, only ethanol, water and sucrose were taken into account to assess steam consumption. The parameters used in this control volume are detailed in Table 3 . 1 - [7] The plants are designed to minimize external water consumption. A cooling tower system collects the condensate of juice steam as well as the water used in cooling processes in order to reuse it by providing cool water for the processes. As a result, the external water consumption represents less than 10% of the water needed for the processes.
Results and Analysis
Three scenarios were defined in order to analyse the results. Table 4 shows the parameters of each scenario.
Because of most fermentable sugar is from the first generation plant, steam consumption in the distillery plant is slightly affected by hydrolysis yield or pentose fermentation. The simulation shows that for scenarios II and III, steam consumption in the hydrolysis plant limits to 18% the amount of bagasse that can be hydrolysed. This is a direct consequence of the steam requirement in the distillation and heating process inside the hydrolysis plant, which is approximately the same for both scenarios II and III. The detailed study of each control volume reveals that the main source of irreversibility is the fermentation process that consumes 13.2% of the input exergy.  Utilities Plant Sugarcane bagasse represents 97.6% of the total exergy input for the utilities plant. From the perspective of exergy destruction, irreversibilities are responsible for 72.7%. They are mainly concentrated in the combustion process, inside the boiler control volume, with 69.3%.
The
 Hydrolysis Plant
Sugarcane bagasse is the main input for the hydrolysis plant. It represents 60.7%, followed by process steam with 21.5%. The irreversibilities, concentrated mainly in the reactor and in the distillation process, consume 27.6% of the total input. The residual biomass composed primarily of lignin takes 33.6% and the juice composed of fermentable sugars takes 13.1%.
 Global Plant
The plant composed of the distillery, utilities plant and hydrolysis plant destroys 55.1% of the input exergy. The products take 38.2% of the input exergy, being 34.2% for ethanol and 4.1% for the surplus electricity. The definition of global exergy efficiency ( ) for a distillery is presented in Eq. (7): the ratio between the exergy of products (alcohol, ̇ , and surplus electricity, ) and the difference of sugarcane exergy (input process) and the waste exergy (part of exergy that is not used in the process). Fig. 4 summarizes the results of the exergy analysis for scenario II.
The global exergy efficiency can be compared among the scenarios I, II and III. Fig. 5 presents this result as a function of the amount of hydrolysed bagasse. It can be concluded that, from a perspective of the rational use of the exergy, scenario III is better than scenarios II and I.
Production Cost Analysis -Base Case
Ethanol and electricity production cost can be assessed by doing the cost balance for each control volume. In case of a control volume with more than one product, e.g. steam turbine, the equality cost partition criteria was adopted. Table 6a and 6b show the global cost balance for scenario II. It can be inferred that the primary source of cost is the sugarcane as feedstock followed by the distillery amortization.
Another interesting analysis that can be performed at this point is a production costs comparison between first and second generation sugarcane juice. The production cost 0 500 For scenarios II and III, as shown in Fig. 6 , production cost of the juice tends to stabilize when a large amount of bagasse is hydrolysed. Although the cost tends to decrease with the amount hydrolysed, it is still much more costly than the first generation juice. Scenario III shows a 40% cost reduction in relation to scenario II. This is a consequence of the higher hydrolysis yield and the use of the pentose for obtaining ethanol.
Sensitivity Analysis -Base Case
In order to compare the impact of changes in the main parameters, a dimensionless sensitivity coefficient is defined as in Eq. (8): (8) where:
 is a result obtained by the model. Four products were analyzed: (i) sugarcane juice cost, (ii) hydrolysed juice cost, (iii) ethanol cost, and (iv) electricity cost.

is a specific process variable. Seven inputs were considered: (i) sugarcane price, (ii) investment, (iii) boiler LHV efficiency, (iv) cellulose conversion efficiency, (v) steam turbine isentropic efficiency, (vi) distillation steam consumption, and (vii) sucrose fermentation efficiency. An array can be obtained by calculating for all possible combinations of Product-Input. Table 7 shows the dimensionless sensitivity array. As can be seen, sugarcane plays a key role in determining the cost of all products. In addition, the control volumes that present the highest irreversibility rate, i.e. boiler, steam turbine, fermentation and hydrolysis reactor, also present the highest dimensionless sensitivity coefficient. 
Economic Viability Assessment
The economic viability assessment is based on the cash flow generated by the construction and operation of the plants for scenarios I, II and III as described in Table 4 . During the first two years, cash flow is negative because of the investment expenses. From the third year until the end of operation, cash flow is generated by the sale of electricity and ethanol. The Internal Rate of Return (IRR) is then calculated to decide which scenario is the best one in terms of return on investment. Fig. 7 illustrates that although the IRR increases with the hydrolysis for scenario III, the best choice is still scenario I with IRR of 13.4% in real terms. Table 8 shows the main parameters used in the economic viability assessment. 
Sensitivity Analysis
In order to evaluate the impact of changes in prices and investment expenses on the internal rate of return (IRR), taking into account eventual uncertainties on the investment of the hydrolysis plant and market fluctuations, a sensitivity analysis was carried out. For electricity price, sugarcane price and investment expenses, a variation of ±25% over the original value (displayed in Tables 4, 5a and 6) was assumed. For ethanol price, a variation of ±20% was considered. Results are shown in Fig. 8 . It can be verified that among the variables, the one that presents the most significant impact on the IRR, is the ethanol price: a variation of ±20% causes the largest changes on the IRR in all the scenarios evaluated. Changes of ±25% on sugarcane prices also affect the IRR significantly, but with less intensity than ethanol prices. Changes on investment of hydrolysis plant and electricity price have small impact on the IRR. An important conclusion at this point is that scenario I presents the highest IRR value among the three scenarios in the ±25% interval. Tables 9 to 11 show several comparison parameters between results obtained in this model and previous publications.
Comparison with Other Studies
As expected, the exergy efficiency varies significantly as a function of the hydrolysed biomass. Table 9 shows that lignocellulosic materials such as banana peduncle and sugarcane bagasse present exergy efficiency ranging from 13.1% to 28.7% depending on the analysed scenario.
In terms of global exergy efficiency (Table 10) , scenario II actually is worse than scenario I. When compared with previous publications, global exergy efficiency is close to a first generation plant. This is due to the fact that most input exergy from sugarcane in the model is still processed in a traditional first generation distillery and only the surplus bagasse is hydrolysed. Table 11 compares main efficiency parameters of the model with a 50/50 ethanol/sugar first generation plant [6] with different utilities plant configurations. As a result, global exergy efficiency in the model is lower than value obtained for an extraction-condensing system. This is mainly due to the choice 100/0 ethanol/sugar in the model, which is more irreversible. For the other parameters, it can be concluded that the results are consistent with this study Figure 8 . Sensitivity analysis. 
Conclusions
The simulation shows that for scenarios II and III, steam consumption in the hydrolysis plant limits to 18% the amount of bagasse that can be hydrolysed. This is a direct consequence of the steam requirement in the distillation and heating process inside the hydrolysis plant, which is approximately the same for scenarios II and III. Because of most fermentable sugar is from the first generation plant, steam consumption in the distillery plant is slightly affected by hydrolysis yield or pentose fermentation. In terms of productivity improvement, hydrolysis can increase the net ethanol production by 3.7% and 8.1%, for scenarios II and III respectively, which leads, respectively, to 136 and 286 liters of ethanol per dry ton of sugarcane.
Regarding the exergy analysis, hydrolysis under scenario II causes a small drop in global exergy efficiency, from 41.4% (scenario I) to 40.9% (scenario II). The situation is reversed for scenario III in which the global exergy efficiency increases from 41.4% to 42.0%. This is a direct consequence of higher saccharification yield and pentose fermentation. Exergy analysis still shows that, for all three scenarios, the main source of irreversibility is the utilities plant, notably the boiler. This is an expected result because the combustion reaction is highly irreversible.
The economic viability assessment based on the IRR shows that scenario I, which is a first generation plant, is the best choice with IRR of 13.4%, followed by scenarios III and II with IRR of 11.1% and 9.3% respectively. Sensitivity analysis shows that the scenario I is still the best choice even if main parameters change ±25%.
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